Improved knowledge of brain maturation in fetuses and premature neonates is crucial for the early detection of pathologies and would help determine whether MR data from the premature brain might be used to evaluate fetal maturation. Using diffusion-weighted MR imaging and 1 H-MR spectroscopy, we compared cerebral microstructure and metabolism in normal in utero fetuses imaged near term and premature neonates imaged at term equivalent.
A mong MR techniques, DWI and MR spectroscopy are considered appropriate and accurate techniques for the evaluation of brain maturation. DWI enables the assessment of macroscopic water diffusion and thereby tissue microstructure. Previous studies of preterm neonates, term neonates, and children have shown correlation between decreased ADC and progressive brain maturation. [1] [2] [3] [4] [5] These changes precede those seen on conventional MR images and provide early information on tissue organization. 6 1 H-MR spectroscopy is an efficient technique for obtaining noninvasive metabolic information from the human brain and has become a powerful diagnostic tool in the pediatric population, especially for the detection of hypoxic encephalopathy, leukoencephalopathies, and inborn errors of metabolism. 7 It also provides essential metabolic information on the developing brain [8] [9] [10] and has been successfully applied to in utero cerebral maturation evaluation as well. [11] [12] [13] [14] [15] The aim of this study was 2-fold. The first objective was to compare brain maturation between in utero fetuses imaged near term and premature neonates examined at term equivalent by using an approach combining DWI with ADC maps, and proton MR spectroscopy to evaluate structural and metabolic changes between both populations. The protocol of spectroscopy included 1 H-MR spectroscopy performed at short and long TE, because long TEs allow unambiguous detection of lactate signal owing to lipid signal suppression, which may be important in the context of prematurity. 16 A better understanding of how normal cerebral maturation in fetuses and premature neonates evolves is essential for the early detection of pathologic alterations and the assessment of therapeutic interventions. The second aim of this study was to assess whether cerebral microstructural and metabolic data obtained from premature neonates by using MR imaging and MR spectroscopy techniques might help evaluate normal brain maturation in utero.
Materials and Methods

Subjects
The cohort included a group of 24 fetuses imaged in utero near term (mean age, 37 Ϯ 1 week GA; range, 36 -39 weeks GA; Fig 1) and a group of 24 premature neonates (mean age at birth, 29 Ϯ 2 weeks GA; range, 25 to 33 weeks GA) imaged between 36 and 39 weeks PCA (mean age, 37 Ϯ 1 week PCA; Fig 1) . The statistical comparison of the ages at MR imaging by using the Mann-Whitney U test did not show any significant difference between both groups (P ϭ .1779). Fetuses were referred for suspicion of central nervous system malformation that was ruled out by MR imaging and considered morphologically normal. Premature neonates were imaged as part of the routine morphologic evaluation before discharge from hospital near term and were considered morphologically and clinically normal. All premature neonates had an appropriate weight for age at birth. Cases with clinical evidence of neonatal infection and birth asphyxia were excluded from the study as well as those with geminal matrix hemorrhage, ventriculomegaly, or hydrocephalus.
MR Imaging and MR Spectroscopy Protocol
MR examinations were performed on a clinical MR system operating at 1.5T (Symphony Maestro Class; Siemens, Erlangen, Germany).
Fetal Brain Exploration. Body phased array coils (4 elements) were used in combination with spinal coils (2-3 elements). The 4 anterior elements were placed transverse joining the posterior elements to optimize signal intensity homogeneity.
The standard MR imaging protocol included HASTE images and gradient-echo T1-weighted images following the 3 planes of the fetal head. DWI was performed with an axial multisection multirepetition spin-echo echo-planar technique (TR ϭ 3200 ms; TE ϭ 102 ms; section thickness ϭ 4 mm; 3 averages per image; FOV ϭ 350 ϫ 350 mm 2 ;
acquisition matrix, 128 ϫ 128). Diffusion was measured in 3 orthogonal directions from 3 values of b (b ϭ 0, 500, and 1000 s/mm 2 ), with a total acquisition time of 1 minute 40 seconds. DWI and ADC maps were obtained for the 24 subjects (diffusion tensor imaging was not obtained for these 2 groups). Localized brain MR spectroscopy was performed following the MR imaging protocol by using a PRESS sequence with short and long TE (30 and 135 ms, respectively) by the single-voxel technique. The size of the VOI located in the centrum semiovale was 4.5 cm 3 (2 ϫ 1.5 ϫ 1.5 cm 3 ). The voxel included the parietal, central, and precentral areas (Fig 2) . At each TE, the sequence was performed with and without water saturation (TR ϭ 1500 ms, 256 averages for TE ϭ 30 ms, and 278 averages for TE ϭ 135 ms; acquisition time, 7 minutes 3 seconds and 6 minutes 31 seconds, respectively). The spectra could be recorded in 20 cases at short TE and in 19 cases at long TE.
Brain Exploration of Premature
Neonates. An 8-channel head coil was used for these examinations. DWI was performed with a sequence similar to that used for fetuses (FOV ϭ 240 ϫ 240 mm 2 ).
DWI and ADC maps were obtained for the 24 premature neonates. The MR spectroscopy protocol was identical to that used for fetuses in terms of sequence, size, and location of the VOI (Fig 2) . However, the number of averages used for neonates was lower (64) compared with fetal studies because the filling factor of the head coil is better than that of the body coil. Brain spectra were obtained for 20 premature neonates at all TEs.
MR Data Processing
DWI Data. DWI and the averaged ADC maps were automatically generated by using Siemens software. Circular single-sized ROIs of 5-mm radius were carefully placed to avoid contamination from adjacent CSF. ADC values were measured in cerebellum; pons; thalamus; basal ganglia; deep white matter of temporal, occipital, frontal, and parietal lobe; and centrum semiovale. In this latter location, the ROI was placed below the central sulcus.
MR Spectroscopy Data. After zero-filling and exponential filtering, spectra were fitted in the time domain by using a metabolic data base derived from MR spectroscopy acquisitions of aqueous model solutions of pure metabolites by using the AMARES-MRUI FOR-TRAN code 17 included in a homemade software developed under IDL environment (Interactive Data Language Research System, Boulder, Colorado). The signals of brain metabolites NAA, tCr, Cho-containing compounds, Glx, mIns, and Tau were normalized by using water signal intensity as an internal reference. 12 The results are expressed as ratios of the relative area of each metabolite signal intensity to the water signal intensity obtained at long TE to avoid a T2 effect, and as ratios of metabolites.
Statistical Analysis
A parametric analysis was used, because all values tested (age, ADC value, and metabolic ratio) were coming from normal distributions (d'Agostino and Pearson omnibus normality test). ADC values obtained from various regions of the left and right hemispheres were compared by using a 2-tailed paired Student t test. The comparison of ADC values, or metabolic ratios, between both groups of subjects for each brain region was performed by using a 2-tailed unpaired t test. Statistical analysis was performed by using Prism version 5.00
(GraphPad Software, San Diego, California). Values are reported as means Ϯ SEM. Values of P Ͻ.05 are considered significant.
Results
Comparison of ADC Values between Fetuses and Premature Neonates
The fetuses and PNs did not show any evidence of lesion at conventional MR imaging (Fig 3) . No significant difference was observed among ADC values obtained from the different regions of the left and right hemispheres; therefore, these values were averaged before comparison between the groups of fetuses and premature neonates. In both groups, ADC values were lower in the pons, cerebellum, thalamus, and basal ganglia (range, 0.98 -1.26 ϫ 10 Table 1 ). Statisti- cally significant variations of mean ADC values were observed in the pons. A lower mean value was measured in the group of premature neonates (Ϫ8%) compared with that found in fetuses (premature neonates, 0.98 Ϯ 0.02 ϫ 10 Ϫ6 mm 2 /s; fetuses, 1.07 Ϯ 0.02 ϫ 10 Ϫ6 mm 2 /s; P ϭ .0008; Table 1 ). In the basal ganglia, the mean ADC value was also lower in the group of premature neonates (premature neonates, 1.21 Ϯ 0.01 ϫ 10 Ϫ6 mm 2 /s; fetuses, 1.26 Ϯ 0.02 ϫ 10 Ϫ6 mm 2 /s, respectively) without reaching statistical significance (P ϭ .0869; Table 1 ). Conversely, the mean ADC value in the parietal white matter was significantly higher in the group of premature neonates than in fetuses (ϩ6%; premature neonates, 1.77 Ϯ 0.03 ϫ 10 Ϫ6 mm 2 /s; fetuses, 1.66 Ϯ 0.03 ϫ 10 Ϫ6 mm 2 /s, respectively; P ϭ .0172; Table 1 ). In all other regions, both groups showed comparable ADC mean values.
Comparison of Brain Metabolites between Fetuses and Premature Neonates
Under identical MR spectroscopy conditions, the signal intensity-to-noise ratio of ex utero spectra seemed greater than in utero spectra (Fig 5) because the filling factor of the head coil was better than the body coil. At short TE, most of the ratios of metabolites to tissue water were increased in premature neonates in comparison with fetuses at short TE, whereas water mean ADC values were identical in the centrum semiovale of both groups (Table 1 ). The metabolic analysis of deep white matter (Figs 2 and 5 and Table 2 ) showed a trend for Cho/H 2 O to be higher in the group of premature neonates than in the group of fetuses though the difference was not statistically significant (P ϭ .0858). Significant variations of NAA/H 2 O, tCr/ H 2 O, Glx/H 2 O, and mIns/H 2 O were detected. All these metabolic ratios were significantly higher in the group of premature neonates compared with the group of fetuses (ϩ26% for NAA/H 2 O, ϩ28% tCr/H 2 O, ϩ19% for Glx/H 2 O, and ϩ32% for mIns/H 2 O; Table 2 ). Unlike for the other metabolites, a lower lipids/H 2 O ratio was measured in the group of premature neonates, though not reaching statistical significance (Figs 2 and 5 and Table 2 ). Among the other ratios of metabolites analyzed in this study (Table 3) , significantly lower Cho/ tCr (Ϫ11%) and higher mIns/Cho (ϩ24%) were obtained for premature neonates.
At long TE, no significant differences were observed between the group of fetuses and premature neonates for NAA/ H 2 O, tCr/H 2 O, Cho/H 2 O, NAA/Cho, NAA/tCr, and Cho/tCr Note:-Data are mean Ϯ SEM. ( Table 2 ). Lactate was undetectable in the brain of fetuses and premature neonates (Fig 5 and Table 2 ).
Discussion
To our knowledge, the current study is the first to undertake a comparison of cerebral development between in utero fetuses and age-matched preterm neonates, based on a relatively large sample of subjects (48) examined across a very narrow time window (at 37 Ϯ 2 weeks GA or PCA). This study provides new insight into brain maturation in terms of tissue microstructure and neurochemistry. Our metabolic and microstructural findings support the concept of acceleration in brain maturation in some cerebral regions after birth in healthy preterm neonates. 18 This maturational acceleration is probably elicited by the combined effects of enteral feeding and early exposure to environmental stimuli.
Previous studies on both preterm and full term neonates have shown significant negative correlation between ADC values and gestational age. 19, 20 Indeed, diffusion parameters in the developing brain have been found to vary with water content, cell density, formation of white matter tracts, membrane potential, and myelination. 3, 6, 21 Progressive decrease of ADC values in fetuses after 30 weeks GA 3 and in preterm and term neonates 19, 20, [22] [23] [24] has been putatively ascribed to a sequence of events making up the "premyelination stage" 25, 26 and the initiation of myelination. Premyelination is a complex process that includes a reduction in total water content, a rise in lipid concentration, the proliferation and maturation of oligodendrocyte precursors, and the ensheathment of axons by premyelin. 26 In the current study, the ADC values from different cerebral regions were comparable in both fetuses and premature neonates except for the pons and the parietal white matter. PNs surprisingly showed a higher ADC in their parietal white matter and a lower ADC in the pons. The higher ADC value in the parietal white matter indicates an increase in water diffusion probably related to subtle microstructural white matter anomalies, a common finding in the preterm brain, and possible gliosis. 27, 28 All the premature neonates in our study were born between 25 and 33 weeks GA, a developmental window of highest susceptibility to perinatal white matter injury, coinciding with the predominance in the parietal white matter of preoligodendrocytes particularly vulnerable to oxidative stress. 29 The unexpected lower value points to a greater restriction in water diffusion, probably resulting from a modification in the organization of pontine white matter tracts, such as a thickening of the myelin sheet. Thus, this lower ADC probably reflects a more advanced maturational process in a key sensory motor relay in the premature brain after several weeks of extrauterine life. This finding is consistent with recent diffusion tensor imaging studies reporting increased fractional anisotropy in various cerebral white matter regions, including sensory tracts of premature neonates imaged at term equivalent compared with term neonates. 18, 30 This finding was ascribed to an accelerated white matter development due to environmental stimulation. 18, 30 Our metabolic findings reveal significant differences at short TE between in utero fetuses and premature neonates. Almost all metabolic ratios expressed with water tissue signal intensity as a reference were higher in the group of premature neonates. A possible explanation to this finding could have been related to a different content in tissue water in the centrum semiovale of fetuses and preterm neonates leading to a general increase in metabolite signal intensity in the premature population. However, this hypothesis does not seem supported by water ADC values in the centrum semiovale that were found identical in preterm neonates and fetuses. Moreover, the use of metabolic ratios expressed independently of tissue water content corroborated the finding of significant metabolic changes in the preterm brain that are unrelated to water content variations. Intriguingly, no difference was observed between fetuses and premature neonates at long TE. This finding could be explained by reduced signal intensityto-noise ratio at long TE due to T2 weighting. This result also could suggest the existence of a pool of metabolites with short T2 that would be greater in premature neonates than in fetuses. Transverse relaxation mechanisms may be influenced by different factors including cytoplasmic or intraorganelle viscosity, 31 and metabolite-protein binding. 32 The short T2 of a fraction of metabolites could be explained by the ultrastructural modifications occurring in neural cells during axon growth and myelination, such as the proliferation and enhanced capacity of mitochondria and accrued metabolite synthesis. 33 Interestingly, a developmental increase in T2 values of metabolites has been found in the mouse developing brain, 34 and in the human brain (NAA and Cho) from 32 to 42 weeks postconceptional age. 16 So far, small pools of bound creatine 35 or lactate 36 have been detected in the adult brain but have not been investigated in the developing brain.
Most of our metabolic findings in premature neonates are consistent with the well-known progressive neurochemical changes occurring within the white matter during normal brain maturation. These modifications are characterized by an increase in NAA and in tCr, and a reduction of mIns and Cho. 8, 10, 12, 14 Interestingly, these changes have been shown to occur more rapidly in premature neonates, 37 a result in agreement with our own findings. The higher NAA/H 2 O in premature neonates is suggestive of myelination progress and neuronal maturation. Indeed, this metabolite, essentially found in the somas and the axons of neurons is considered as a marker of neuronal function. 38 It would be involved in myelin maintenance via the synthesis of lipids and myelin precursors in the oligodendrocyte. 39 Interestingly, NAA has been identified in oligodendrocytetype 2 astrocyte progenitor cells and immature oligodendrocytes, 40 which suggests that in the developing brain, NAA may not only reflect neuronal maturation but also myelination processes. 41 Another difference between fetuses and premature neonates was the significant increase of the Glx/H 2 O ratio in the latter group. The principal contributor to the Glx signal intensity in brain is glutamate, the main excitatory neurotransmitter, that is supplied to the neurons by the astrocytes in the form of its precursor, glutamine. 42 An increase in white matter glutamate concentration concomitant with a reduction in glutamine has been reported in preterm neonates explored around term (at 41 Ϯ 1 week PCA) compared with their first examination after birth (at 34 Ϯ 1 week GA). 10 Thus, the elevation of Glx/H 2 O in our study may be ascribed to glutamate, an amino acid that has been shown to regulate the proliferation and maturation of oligodendrocyte progenitors. 43 The rise in tCr/H 2 O in premature neonates represents the increase of both creatine and phosphocreatine, 2 compounds involved in cell energy metabolism that are highly concentrated in glial cells. 40 Together, the changes observed in NAA, Glx, and creatine point to an accelerated maturation in the centrum semiovale of premature neonates.
Unlike the changes in NAA, Glx, and creatine, the high mIns/H 2 O and the trend for Cho/H 2 O to be lower are rather unexpected because a progressive reduction of these compounds throughout brain maturation has constantly been reported. Myo-inositol is highly concentrated in astrocytes and therefore regarded as an astroglial marker. 44 The increase in cerebral mIns/H 2 O in premature neonates could be suggestive of gliosis. The main contributors to the choline resonance in brain are glycerophosphocholine and phosphocholine, 2 intermediates of the phosphatidylcholine pathway. 45 Their increase has essentially been reported in brain tumors and diseases characterized by myelin alterations. [45] [46] [47] The abnormal ADC value in the parietal white matter together with the increase in Cho/H 2 O and mIns/H 2 O in the centrum semiovale indicate the existence of subtle white matter injury and gliosis not visible by conventional MR imaging.
Conclusions
Our study reveals an acceleration of maturation in some cerebral regions in healthy premature neonates compared with age-matched fetuses that is structurally and metabolically manifest and consistent with progress in myelination and stimulation of neuronal function. However, these maturational processes are concomitant with changes in white matter microstructure and neurochemistry both evocative of subtle tissue injury and probable gliosis. Further studies are required to assess the evolution of these white matter anomalies. Our study indicates that intra-and extrauterine brain maturations around term may not be equivalent and that MR imaging and MR spectroscopy data from premature brains are not appropriate for the understanding of in utero fetal cerebral maturation. 
